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Abstract From 2008 to 2009, we investigated the effects of photoperiod and temperature on the development of a noctuid 
moth, Asota ficus, under laboratory conditions, and its seasonal occurrence in Osaka Prefecture, central Japan, near its 
current northern distribution limit. At 20°C, most individuals reared under a photoperiod of 10L-14D, 11L-13D or 
12L-12D entered diapause in the pupal stage, whereas those under 13L-11D, 14L-10D or 16L-8D developed into adults 
without any arrest of development. Individuals at 25°C did not enter pupal diapause irrespective of photoperiod. The 
critical photoperiod for diapause induction at 20°C was about 12.5 h. Diapause intensity varied among photoperiodic 
regimes, and the time required for adult emergence after chilling of diapausing pupae was longer in individuals reared 
under 12L-12D than under 10L-14D. Most females had mature eggs 5 days after adult emergence irrespective of 
photoperiod and temperature. Under quasi-natural conditions, individuals pupating between October and December 
emerged as adults in the first half of May next year. In the field, egg and/or larval masses were found from May to 


November except in August. 
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Introduction 


The noctuid moth, Asota ficus (Fabricus) (Lepidoptera: 
Noctuidae), which utilizes Ficus species as its larval food 
plant (Robinson et al., 2001; Tominaga, 2006), is distributed 
in China, Taiwan, Thailand, Nepal, India Sri Lanka, and 
Japan (e.g. Sugi, 1989; Han et al., 2002; Miyata, 2006). 
This species is a serious pest of the common fig, Ficus 
carica, with severe damage to leaves and sometimes 
developing synconium (Nakajima and Kikuchi, 1994; 
Ohmasa et al., 2001; Hirai et al., 2008; Ikemiya et al., 
2008). In Japan there had been only a few records of this 
species: a single adult of A. ficus was first recorded in 
Shizuoka Prefecture in 1962 and in Okinawa Prefecture 
in 1964 (Fig. 1) (Inoue et al., 1982). However, a northward 
invasion of A. ficus has recently been reported in western 
Japan: until 2000, occurrence of this species was reported 
mainly from western regions such as Kyushu Island, Ehime 
and Okayama prefectures. From 2001, this species was 
recorded throughout Shikoku Island and the Chugoku 
district, and since 2006 marked damage by this species 
has also appeared in the Kinki district (e.g. Ikemiya et al., 
2008; Plant Protection Division, 2010). 


Recently, changes in insect distributions have been reported 
worldwide (e.g. Parmesan and Yohe, 2003; Hickling et 
al., 2006; Parmesan, 2006). In Japan, northward expansion 
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of distribution has been reported in various insects such 
as the swallowtail butterfly, Papilio memnon (Yoshio and 
Ishii, 1998), the stink bug, Nezara viridula (Yukawa et 
al., 2007, 2009), dragonflies such as a gomphid, 
Ictinogomphus pertinax and a libellulid, Trithemis aurora 
(Matsuzawa, 2008), and the meloid beetle, Cissites 
cephalotes (Shiyake, 2008). Among moths, the hawk 
moths, Daphnis nerii and Acherontia lachesis, and the 
noctuids Eudocima salaminia and Ischyja manlia (e.g. 
Miyata, 2006; Jinbo, 2008), and Spodoptera exempta 
(Uesato et al., 2011), have been expanding their distribution 
northward in Japan. The ability of a species to expand its 
distributional range depends on its life history characteristics 
including diapause and synchrony with plant phenology 
(e.g. Bale et al., 2002; Battisti, 2008). However, little is 
known about overwintering and diapause traits in moths 
undergoing distributional expansion, including A. ficus. 
Ohmasa et al. (2001) have reported the effects of temperature 
on the development of A. ficus, but there are no reports 
on its photoperiodic response. 


We therefore performed experiments on the effects of 
photoperiod on larval, pupal and ovarian development of 
A. ficus in the laboratory and investigated its seasonal 
occurrence in the field in Osaka Prefecture, near the 
northern limit of its current distribution. 
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Materials and methods 
Rearing of larvae and pupae 


Larvae of A. ficus were collected from both cultivated and 
wild fig trees on the campus of Osaka Prefecture University 
(OPU), Sakai City (34°32’N), central Japan in June of 
2008 and 2009. Eggs and newly hatched larvae of the F1 
generation were reared under two photoperiods (16L-8D 
or 12L-12D) at 25 and 30°C, under seven photoperiods 
(10L-14D, 11L-13D, 12L-12D, 12.5L-11.5D, 13L-11D, 
14L-10D, or 16L-8D) at 20 or 25°C, and developmental 
periods of eggs, larvae, and pupae were recorded. Newly 
emerged larvae (about 20) were reared in a 480-ml clear 
plastic cup on fresh leaves of the wild fig, Ficus erecta. 
After the fourth instar, larvae were individually reared in 
120-ml clear plastic cups. Pupae were kept under the same 
conditions as the larval stage for at least 3 months. Since 
the pupal stage was 28 days or less under 16L-8D at 20°C, 
individuals in which the pupal stage lasted more than 1 
month were regarded as diapausing. Furthermore, those 
individuals kept at 20°C under 12L-12D for 3 months 
after pupation were either transferred directly to 25°C 
under 16L-8D, transferred to 25°C after chilling at 10, 5 























or 0°C under 10L-14D for 2 months. In addition, some 
diapausing pupae reared under 12L-12D at 20°C were 
kept under the same conditions until adult emergence. In 
the other experimental groups, 3 months after pupation, 
the diapausing pupae were transferred directly to 25°C 
under 16L-8D or after chilling at 10°C for 2 months; they 
were then kept under these conditions until adult emergence. 


Ovarian development 


Adult females were kept individually in 120-ml clear 
plastic cups and fed 10% sugar water ad libitum every day 
under the same conditions as the egg, larval and pupal 
conditions, and the abdomen was dissected 0, 5 or 10 days 
after adult emergence. We defined mature eggs as those 
about 0.8 mm long which is the same size as eggs laid on 
the leaves in the field. 


Overwintering under quasi-natural conditions 


Fifty-six third-instar larvae of A. ficus and four final-instar 
larvae collected from an orchard at OPU on 21 October, 
2008 were kept individually in 120-ml clear plastic cups 
in a room at OPU with mesh window screens and no 
artificial illumination or heating. The larvae were fed on 
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Fig. 1. Distribution of prefectures where the occurrence of A. ficus was firstly recorded in 1962-2000, 2001- 
2005 and 2006-2010 drawn from Inoue (1982), Miyata (2006), and special reports forecasting pest 
occurrence in each prefecture. Closed circles indicate localities where a single adult was captured with 
a light trap. An open circle indicates the location of Osaka Prefecture University, where females used in 


this study were collected. 
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fresh leaves of F erecta, and pupation, adult emergence 
and mortality were recorded. Air temperature was measured 
once an hour during the rearing period with a data logger 
(HOBO, Onset Computer Corporation, Pocasset, 
Massachusetts, USA) placed near the plastic cups. 


Seasonal occurrence of A. ficus in Osaka 


Field research was performed in the OPU orchard twice 
a month from April to November 2009 to clarify the 
seasonal fluctuations in population density. A census route 
was set up in the orchard to include 197 trees of the 
cultivated common fig, F. carica, and we counted the 
numbers of egg and larval masses of A. ficus on the leaves 
of the F. carica along the route. Two hundred and one 
trees of wild fig, F. erecta, on the OPU campus were 
checked in the same way. 


Results 
Larval development and pupal diapause 


Larvae passed through five to seven instars before pupation. 
At 30°C under 16L-8D, the mean egg, larval and pupal 
stages were about 3, 11 and 10 days, respectively, with 
the mean whole immature stage (1.e., the stage from 
oviposition to adult emergence) about 24 days and no 
arrested development was observed (Fig. 2). At 25°C, they 
were about 3, 17 and 12 days, respectively under both 
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Fig. 2. Development of Asota ficus under 16L-8D at 30°C, 
16L-8D or 12L-12D at 25°C. 
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Fig. 3. Development of A. ficus under 16L-8D, 14L-10D, 13L-11D, 
12.5L-11.5D, 12L-10D, 11L-13D or 10L-14D at 20°C. 
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16L-8D and 12L-12D and no arrested development was 
observed in any stages (Fig. 2). At 20°C, the whole 
immature stage was about two months with the mean pupal 
stage about 24 days under a long day of 16L-8D, 14L-10D 
or 13L-11D, but few individuals emerged as adults within 
3 months after pupation under a short day of 12L-12D, 
11L-13D or 10L-14D (Fig. 3). Under an intermediate day 
length of 12.5L-11.5D, 20 of 39 individuals emerged as 
adults within 3 months after pupation. The results show 
that A. ficus of the Osaka population enters diapause in 
the pupal stage in response to the short day. Seven of 
fifteen individuals kept continuously under 12L-12D at 
20°C emerged as adults 156.3 + 6.9 (mean + S.E.) days 
after pupation, although the remaining eight died before 
adult emergence. The critical daylength for induction of 
pupal diapause was about 12.5 h at 20°C (Fig. 4). The 
period from transfer to 25°C to adult emergence was 
significantly shorter under 10L-14D (16.7 + 0.47 and 14.0 
+ 1.54 days with and without chilling, respectively) than 
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Fig. 4. Effect of photoperiod on pupal diapause induction in A. ficus at 20, 25 and 30°C 
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Fig. 5. Effects of chilling on the timing of adult emergence in A. ficus. Each gray square indicates emergence 
of an individual adult. A: Larvae were reared in 20°C-12L-12D and pupae were kept under the same 
conditions as the larvae for 3 months. B: Larvae were reared in 20°C-10L-14D and pupae were kept 
under the same conditions as the larvae for 3 months. Afterward, pupae from groups I and V were directly 
transferred to 25°C-16L-8D, and those from groups H, III, IV and VI were transferred to 25°C- 16L-8D 
after a chilling for 2 months at 0, 5 and 10°C (see text). 


under 12L-12D (19.9 + 0.86 and 20.3 + 0.83 days), 
irrespective of 2-month chilling at 10°C (P < 0.05, by 
nonparametric Tukey-type multiple comparisons, using 
Nemenyi test) (Fig. 5). Most diapausing pupae chilled for 
2 months at 10°C made adult eclosion, whereas only 2 of 
12 individuals chilled at 5°C emerged as adults with 
crippled wings, and no pupae (n = 15) chilled at 0°C for 
2 months emerged as adults. 


Ovarian development 


None of 2 or 3 females dissected immediately after adult 
emergence in each condition had mature eggs, and one of 
five females (20%) kept at 25°C under 12L-12D had also 
no mature eggs 5 days after emergence. On the other hand, 
all females had mature eggs 5 days after emergence at 30, 
25 or 20°C under 16L-8D (Table 1). The mean number 
of mature eggs was smaller under 12L-12D (38.8 + 24.1 
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and 125.3 + 17.2 (mean + S.E.) 5 and 10 days after adult 
emergence, respectively) than 16L-8D (72.0 + 18.9 and 
152.0 + 13.2) at 20°C, though there was no significant 
difference (P > 0.05, by nonparametric Tukey-type multiple 
comparisons, using Nemenyi test). 


The results indicate that ovarian development appeared 
slower at low temperatures and under short days in A. ficus 
of the Osaka population. 


Overwintering under quasi-natural condition 


Under quasi-natural conditions, all of the four final-instar 
larvae collected on October 21, 2008 pupated between 
October 23 and 25, 2008, and two females emerged as 
adults on May 11 and 13, 2009 (Fig. 6). Of the 56 third- 
instar larvae collected on October 21, 2008, 29 pupated 
between November 25 and December 16, 2008, whereas 
the remaining 8 and 19 individuals died as final instar 
larvae and prepupae, respectively. Only four (4 males) out 
of the 29 pupae emerged as adults between May 9 and 12, 
2009. The mean daily minimum temperature was below 
10°C from early December, 2008 to late March, 2009, 
whereas it was above 15°C after early April, 2009 (Fig. 
6). The monthly minimum temperature was the lowest in 
January, 2009 (3.3°C), followed by December, 2008 (4.2°C) 
and February, 2009 (4.6°C). 


Seasonal occurrence of A. ficus in Osaka 


No egg and larval masses were found on April 3, 10, and 
27 and May 14 in 2008 (Fig. 7). After three egg and two 
larval masses of A. ficus were found on F. carica on 28 
May, larval masses were then continually found until late 
July. Most larval masses were also found between early 
September and late November except in August. Larval 
masses were found on F erecta in June, July and October, 
though the density was lower than those on Æ carica. 


Discussion 


The Osaka population of A. ficus entered a facultative 
diapause as pupae in response to short-day conditions and 


the critical photoperiod was about 12.5 h, equivalent to 
the natural daylength (including a 1.0-h twilight period) 
in mid October in Sakai City. Since this species is of 
tropical origin, its diapause might have evolved in the 
tropics or subtropics. Shimizu and Fujisaki (2002) reported 
that males of a noctuid, Helicoverpa armigera, of tropical 
origin were more likely to enter diapause than females in 
Japanese populations, but no sexual difference in diapause 
incidence was found in A. ficus of the Osaka population 
in this study. Like the fall webworm Hyphantria cunea 
(Masaki, 1977) and H. armigera (Qureshi et al., 1999, 
2000), no chilling was necessary to break the pupal diapause 
in A. ficus of the Osaka population, though transfer to 
25°C was effective for diapause termination. Moreover, 
the time required for adult emergence after transfer to 
25°C was shorter in individuals under 10L-14D than those 
under 12L-12D. This suggests that diapause intensity in 
A. ficus of the Osaka population varies between the 
photoperiods during the larval stage, and that the pupal 
stage is shorter in individuals that pupated later in autumn. 
A similar phenomenon has been observed in diapausing 
eggs of the striped ground cricket, Allonemobius fasciatus 
(Tanaka, 1984). In A. ficus of the Osaka population, 
however, almost all individuals that pupated between late 
October and mid December emerged as adults almost 
synchronously in mid May in the next year under quasi- 
natural conditions. 


Ohmasa et al. (2001) suggested that the overwintering 
stage of A. ficus in the Shikoku district, where this species 
was first found in 1999, was the pupal stage. In this study, 
the survival rate of pupae was low at 5°C and all individuals 
died at 0°C, whereas most of the individuals kept at 10 °C 
successfully emerged as adults. Furthermore, survival in 
quasi-natural conditions in Osaka, near the range limit of 
this species, was low. Some of the geographic range shifts 
in insects directly reflect climate change, whereas others 
are secondary responses to changing biotic conditions 
(Crozier, 2003). Yoshio and Ishii (1998) suggested that 
the cause of northward expansion of the papilionid, P. 
memnon, Was not changes in diapause traits but climatic 


Table 1. Numbers + S. E. (median, range) of mature eggs per female 5 and 10 days after adult emergence 











Condition 5 days n 10 days n 

30°C 16L-8D 86.8 + 18.4 ab (86, 34-144) 5 126.4 + 27.7 ab (112, 62-226) 5 
25°C 16L-8D 72.0 + 18.9 ab (71, 5-112) 5 152.0 + 13.2a (143, 124-202) 5 
12L-12D 38.8 = 24.1b (8, 0-128) 5 125.3 + 17.2 ab (126, 88-161) 4 

20°C 16L-8D 28.8 + 2.9 b (28, 24—40) 5 119.8 + 10.6 ab (112, 92-146) 5 


Means followed by the same letter are not significantly different at 5% levels by nonparametric Tukey-type 
multiple comparisons, using Nemenyi test (P = 0.05). 
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Fig. 6. Changes in mean weekly maximum (open squares) and minimum (solid squares) temperatures (+ S.E.) 
from November 2008 to May 2009 under quasi-natural conditions at Osaka Prefecture University (OPU) 
in Sakai, Osaka, Japan (upper), and cumulative numbers of pupation (circles) and adult emergence 
(triangles) of A. ficus (lower) collected at OPU on October 21, 2008 (arrow) in third (solid) and sixth 
(open) instars. 
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Fig. 7. Numbers of egg and larval masses of A. ficus found on the common fig tree, Ficus carica, and a wild 
fig, F erecta, at OPU in Sakai City, Osaka, Japan in 2009. 
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Fig. 8. Distribution of prefectures where their number of days on which the temperature of prefectural capitals 
(circles) stays below 5°C was 0, 1-5, 6-10 and >11 between November 2008 and April 2009 from 
AMeDAS data. Dotted line indicates the limit of economic cultivation of a host plant, E carica (see 


text). 


warming, especially rising winter temperatures. Moreover, 
Crozier (2003, 2004) pointed out that winter temperatures 
directly affect the persistence of the skipper, Atalopedes 
campestris, at the edge of its northern range. Experiments 
and fieldwork in this study confirm that temperature is at 
least one of the important factors affecting diapause in A. 
ficus. According to field observations by Toyosaki et al. 
(2009), this species has succeeded in overwintering in 
Tokushima Prefecture. 


Shikoku Island in recent years; they estimated that there 
had been four or five generations, although no adults were 
found in August. Similarly, we found that there were no 
eggs or larvae in the field in Osaka in August. Adults of 
some noctuid moths enter a summer reproductive diapause 
usually induced by long days and prevented or terminated 
by short days (Masaki, 1980). However, in A. ficus of the 
Osaka population, ovarian development was not arrested 
in any photoperiodic and/or temperature conditions 
examined in this study, and most females had mature eggs 


5 days after adult emergence. The reasons for the summer 
absence of immature stages remain unclear, but Toyosaki 
et al. (2009) pointed out that this species suffers high 
mortality from predation by ants and hornets in summer. 


Results of this study demonstrate that diapausing pupae 
are able to pass mild winters in A. ficus of the Osaka 
population. Thus, the minimum temperature in winter and 
the condition of food plants in early spring will be important 
determinants of the northern distribution limit of this 
species. One of the host plants, the common fig F carica, 
grows throughout the island of Honshu, and the northern 
limit of its economic cultivation is around Niigata, 
Fukushima, and Miyagi prefectures in central to northern 
Honshu (Sato et al., 1972). Furthermore, the northern limit 
of distribution of another host plant, F. erecta, is the Kanto 
district in central Honshu (Satake et al., 1989). Since the 
survival rate of pupae was low below 5°C in A. ficus of 
the Osaka population, we analyzed their current distribution 
in terms of the number of days when the air temperature 
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stays below 5°C (Fig. 8). As a result, the current distribution 
(Fig. 1) is proved to coincide well with the areas where 
the numbers of such days were less than 10 in the western 
part of Japan. Areas such as Mie and Shizuoka prefectures 
and the whole Kanto district, where occurrence of A. ficus 
has not yet been recorded and the number of days with 
the temperature below 5°C was 1-3, are considered as 
potential distribution areas for this species. 
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i E: -~ 


AFYZERVYV EERIE OIE RREY 
SARE im OS FHAR - WALES + AIRE) 


AFVYIZCPVY ER + Asota ficusO BA BC BU A iit 
E. ARR & FARONTE RAO MEO Ap CBR 
WORRIE OT 2008 ~2009 iTo. 20°C Cla, H 
HE COL-14D, 11L-13D, 12L-12D) CILLA EOE 
DSW ICTRAR IC Ao et’, RARE CER OEIET 4 Z 
Lie Wb Bork. WCCLARKPPDOOSF, WRZ 
LV ZIV Reo Fe. 20°C IC BU SBIR H RSW 12.5 
REC o 7c. IRPREEIS BRC ko THEY, (MEE 
%, IAEE TO HZ 12L-12D © 10L-14D k 9 b K Po 
Z. FORE ARAEP BUTS IHES ABICILIELA 
LO) ERY Ha DSWBAIN &e AL Cus 7e. RNR CIE, 10~ 
12 AIRE L 72 ADSBME OD S A EMICELZ, BOC 
it, SUPP SROs He S~ ACRON. 
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